INTRODUCTION
Chaparral covers over 7 per cent of the total area of California; it is distributed in the arid foothills of the coast ranges and the interior mountains. These lands are becoming increasingly important in watershed protection, livestock production, and wildlife management. Because chaparral itself gives little nourishment to domestic animals, and crowds out valuable grasses, it is often removed by range managers. The method most frequently employed is controlled brush burning. For instance, in 1950 ranchers in 30 counties cleared 97,000 acres of chaparral (Love and Jones 1952; Wieslander and Gleason 1954) . Little is known, however, about the impact of chaparral fires on the total biota. The present study was undertaken to determine the effect of controlled brush burning on the native animal populationsboth by direct mortality and by indirect effects occasioned by changes in the plant cover. 
CLIMATE
The study area is characterized by winters which are short and comparatively mild with occasional snow, and summers which are long, warm, and uninterrupted by rainfall. More than 80% of the annual precipitation falls during the winter and early spring of the year. During March and April, rapid plant growth occurs. Optimum conditions of soil moisture, air temperature, and sunshine permit the maximum growth and flowering for species of both chaparral shrubs and the annual grasses and forbs. By June most of the fruit and seed production is complete, and vegetation dies or becomes dormant.
Over the 4-year period, the average rainfall in the area was 15.64 in., with a range of 20.47 to 12.19 in. (Fig. 2) . Snow fell each winter, but often the fallen snow melted immediately. Less frequently, a thin blanket of snow remained on the ground for several days. Mean monthly temperatures and precipitation totals were obtained from a U. S. weather station at Glennville, California, which was 3 miles north of the area under investigation, and at a similar elevation. variety of locations during a chaparral fire. Bimetal units which conduct an increasing amount of electrical current when exposed to higher temperatures were first calibrated in an electric furnace. Readings were made by noting the current flow on a microvoltmeter in the field, and these readings were then converted into 'F. Two distinct types of data are available from this thermocouple technique: fire temperature and duration of fire heat.
FIRE
Fire temperatures were taken in five situations which represented possible animal habitats during fires. Thermocouples were placed on the soil surface-in dry surface humus, on a grassy surface, and under a dead oak log. Two subsurface sets of readings were made, one from a site buried in the soil at a depth of 2 inches, and another in an open burrow 6 inches below the soil surface.
The surface temperature readings in the humus layer of dry twigs and leaves rose quickly to 6700F after only 12 min of burning and proceeded to cool after the surface tinder was consumed. Thirty minutes after the fire began in the area, the surface litter site had cooled to 3600; it continued to cool gradually during the subsequent 3 hours. Highest recorded temperatures, with a maximum reading of 1,0400F, were recorded under the burning oak log (Fig. 3) . The temperature was sufficient to produce a white ash residue. This is a common habitat for such invertebrates as scorpion (Vejovis sp.), ground beetle (Eleodes sp.), and millipede (Narceus sp.). Vertebrates often occu- pying burrow systems beneath logs in this region include the deer mouse (Peromyscus maniculatus), the slender salamander (Batrachoseps attenuatus), and the legless lizard (Anniella pulchra).
Subsurface temperatures measured at a depth of 2 inches revealed a remarkable heat insulation quality of the dry soil above the thermocouple. The temperature was found to rise moderately to a maximum level of 1560F during the first 50 min. of the fire. An erratic rise in the readings later was produced by the falling oak branch (Fig. 3) . A significant feature of this 2-inch depth record is the fact that this thin soil layer held the temperature at a level 5440F lower than the surface humus temperature during the first 30 min. Rodent burrows in this region are formed by pocket gophers, and such burrows are dug to depths ranging from 9 inches on the level to 36 inches on steep slopes (Scheffer 1931) . The readings of the 2-inch depth thermocouple are higher than the temperatures obtained in the undisturbed compact soil because of the loosening of the soil structure in installing the unit. Projecting the insulation effect of 2 inches of soil which lowered the temperature 544 degrees below the surface heat during the peak of the chaparral fire might give a 4-inch soil layer the insulation capacity of more than 1,0000F, and would provide safe temperature conditions for organisms which seek underground positions during fire conditions. The fifth thermocouple was situated in an open burrow at a depth of 6 inches below the surface of the ground. Although the majority of thermal currents carried the heat upward away from the burrow thermocouple, the temperature increased to 1620F after 20 min of radiation of heat from surface flames. Had the unit been installed in a burrow that was curved to prevent the direct exposure to the flames, this same depth reading would probably have been considerably cooler. This unit measured the air temperature following the passage of the peak of the fire, and after about 110 min of fire the air temperature in the 6-inclh burrow had returned to the preburn level. Aerial photographs also were taken of the study area both before and after the fire. There is a remarkable constancy in the major vegetational Plant species with ability to reoccupy exposed areas are here designated as invader species. The tree species are those which normally reach heights above 15 ft, and shrubs reported are those which grow to heights of less than 12 ft. The surface area which each plant species occupied during the 4-year study is reported in numbers of m2 along the total 2,000 m linear transects.
Results
Trees.-Trees were least influenced by the controlled burning of the surface vegetation as indicated by a small decline in coverage from 278 to 251 m2 during the first postburn year; later insect damage further lowered the tree coverage to 233 in2 at the end of the period of study. The shrublike young blue oaks and the inflammable, pitchy dig-Ecology, Vol. 47, No. 2 ger pines were the species most affected. The deciduous species-blue oak, elderberry, and buckeye, were all found to be heat tolerant to a large degree. Their leaves were drying and the corkforming abscission cells were active in this latesummer period of the fire. The largest trees, including valley oaks and digger pines, had grown to such size that thickness of bark, as well as elevation of lower branches above the chaparral, prevented serious scorching. The evergreen interior live oak revealed a remarkable response to the fire. This tree forms a thick rounded canopy which is virtually in contact with the ground surface; the fire failed to affect this species because of the absence of inflammable material near or under its branches and leathery leaves. The species most severely reduced in numbers during the controlled burn was the digger pine. That only about 17% of the original stand of digger pines survived the fire was indicated by the reduction of 83 m2 of transect surface to only 13 m2 of surface in the year after the burn. The pitch in the bark, in the cones, and at the base of the needle bundles was a unique physiological hazard in the burn. The cones themselves were a further hazard, as they frequently fell from the tree during the fire and carried the fire across the firebreak in the areas of steeper slopes.
Shrubs.-Chaparral was the most widespread plant association in the Glennville region before plant cover modification by man. Of the total 2,000 linear m of transect, 452 m were originally chaparral. This coverage was reduced to 41 m by controlled fire. The shrub species which increased following the fire was poison oak (Rhus diversiloba). The occurrence of this plant in granitic outcrops protected it from the blaze. Total coverage of two shrubs valuable as browse for the deer, mountain mahogany (Cercocarpus betuloides) and redberry (Rhantnus crocea), was reduced only slightly, as the moist shaded slopes where they were most prevalent were least affected by burning.
Grasses.-Two different types of fire responses were noted in grass species. The perennial purple needlegrass (Stipa pulchra) was able to survive the heat beneath the soil surface. The first delicate shoots of green found emerging through the ash layer proved to be needlegrass leaves. The fact that the perennial rootstocks were in a viable state is further indication of the minimal depth of heat penetration. The ability of the postburn turf to resist erosion under the impact of late fall precipitation is enhanced by the presence of living root systems of such perennial plant species. The second type of grass response to the fire disturbance was found in oats (Avena barbata) and downy chess grass (Bromus tectorum). These species reseed more rapidly under conditions of exposed mineral soils than in the static habitat situation. The transect coverage of the wild oat nearly doubled in the 3 years of postburn regrowth, increasing from 231 to 411 m2 of the area sampled. Significant to resistance of sheet erosion in this region of the southern Sierra Nevada foothills is the extent of soil coverage by continuous plant cover. The chaparral species Ceanothus cuneatus and Ribes quercetorum give minimal protection to the ground surface beneath the spread of their branches. The leaf -form in this xeric habitat is too small to intercept many rain droplets. In addition, the surface of the soil beneath these shrub species is essentially bare except for a thin accumulation of litter from deciduous leaf fall. As a consequence of the increase in total grass turf coverage following the removal of dominant chaparral shrubs, the soil surface is somewhat better covered and more insulated from impact of rain droplets. The grass species which grows most actively in the winter and early spring, ripgut brome (Broamus rigidus), was a turfforming soil binder in the rainy season. During the 4 years of sampling ripgut brome increased in total transect coverage from 76 to 164 m2 of surface area and was a significant part of the postburn plant succession.
Postburn plant invader species.-The most important early invader species which reseeded naturally in denuded areas were redstem filaree (Erodium cicutarium), vinegar weed (Trichostems lanceolktum), popcorn flower (Plagiobothrys nothofulvus), blue phacelia (Phacelia purpusii), miner's lettuce (Montia perfoliata), and golden brodiaea (Brodiaea ixoides). Denuded areas, particularly in the areas of hottest fire where white ash was deposited, were reseeded with a hardy annual grass, Lolium multiflorum. Some native species of plants more quickly occupied the patches of exposed soil than the artificially spread annual ryegrass.
The high seed-producing potential and the tolerance of variable temperature conditions by seeds help these species reoccupy patches of exposed soil early. Seed production by miner's lettuce on northeast facing slopes not only accelerated regrowth of the general plant cover in these moist areas but also contributed to the increased food supply for flocking bird species such as Mourning Dove (Zenaidura macroura) and the Western Meadowlark (Sturnella neglecta). The earlier work of Biswell, Taber, Hedrick and Schultz (1952) reports the presence of Montia perfoliata in crops of both Mourning Doves and California Quail (Lophortyx californicus) examined from postburn chaparral areas. Along the sampling strip the transect coverage for this seed plant increased from a preburn level of 14 m2 to the postburn coverage of 69 M2. Redstem filaree is another important seed-producing species which not only is physiologically adapted to reseeding in postburn denuded areas, but also forms a rosettelike ecotype which provides maximum ground coverage. Moreover, the high protein content of the seeds and stems of this plant, as reported by Hutchinson and Kotok (1942) , contributes to its value as a forage plant. Filaree rosettes as large as 16 in. in diameter occurred in white ash areas.
Invader species that have been identified as toxic to some degree are: milkweed (Asclepias californica), wild tobacco (Nicotiana bigelovii), and white larkspur (Delphinium parishii). These plants constituted a small part of the total surface coverage and diminished after the first postburn year of regrowth.
Herbaceous plant species.-Disturbance of the annual plant cover led to an increase of broadleaved herbs. Thus goosegrass (Galium aparine), which occupied only 11 m2 of transect coverage before the burn, was found to dominate 32 m2 of the equivalent area during the first postburn census year. The golden poppy (Eschscholtzia californica) tended to spread into the black ash areas and increased from 11 to 34 m2 of transect surface. Other broad-leaved forms, such as coyote mint (Monardella leucocephala), maintained a nearly constant level during the 4 years of transect investigation. The dense epidermal hairs of the yellow tarweed (Hemizonia corymbosa) and of the common mullein ( Verbascum thapsus) make these herbs largely avoided as forage plants when they have reached maturity. The mullein is frequently one of the earliest plants to occupy a denuded area of deep white ash, particularly on shaded northeast-facing slopes.
Annual plants normally fluctuate from year to year in relative abundance. In view of this variation, precise correlation of vegetational shifts with the influence of burning may be made only with caution. During the first postburn year the majority of the herbaceous species consistently increased in m2 coverage. In the following 3 years they were replaced by grass. Diametrically opposite trends were obtained for the postburn grassland and the invasive herbaceous plants following the fire (Fig. 5) . The grass species declined from 542 to 383 m2 of transect area in the first postburn census and then recovered by reseeding to become the most widespread of the plant associations in the area, occupying a total of 856 m2 of the transect terrain. The invader plants were able to make a quick coverage of much of the Habitat preference of resident mammals Preference of the resident mammal species for specific microhabitats was apparent from the trapping data (Fig. 6) (Fig. 6) . At the same time, the chaparral mouse appeared to be the most eurytopic of the trapped mammals for it was found in all six of the habitat types sampled.
Other small mammals found in the wedgeleaf ceanothus chaparral were house mouse (Mus musculus), deer mouse (Peromyscus maniculatus), California mouse (Peromyscus californicus), and pocket mouse (Perognathus californicus).
Woodrats were most frequently trapped in the fringes of gooseberry patches, because they often built their mounded house of twigs in the center of a thorny stand of Ribes. Gooseberry thickets, which frequently encircle rocky outcrops or dead tree trunks, form an almost impregnable barrier to the approach of large predators. The advantage of the nest location in resisting predation is offset, however, by the vulnerability of the nest to fire.
Under the canopy of such trees as buckeye and blue oak, the mammal species most frequently trapped were the brush rabbit (Sylvilagus bachmani) and the large California mouse. Chaparral mice, pocket mice, field mice and deer mice were all live-trapped in the ash-covered postburn region (Fig. 6) . The field mouse (Microtus californicus) was trapped most frequently under the shade of blue oaks where the ripgut brome grass was more than 16 in. in height, providing coverage for the surface runways. However, Microtus is scarce in this xeric habitat; it prefers denser grass and continual summer growth of the grass shoots upon which it feeds (Pearson 1959) .
The most unaffected mammal habitats were outcrops of fractured granite. Cracks and crannies in the rock are utilized by the deer mouse and the pocket mouse.
Several workers have successfully conducted live-trapping on burned-over forest land, showing that many individual animals survive the burning (Horn 1938; Tevis 1956; Gashwiler 1959; and Pruitt 1953) . Much less is known about the animals' responses to the postburn conditions of habitat in terms of the altered cover, food, and nesting materials which must be available to sustain the animals. Williams (1955) carried out trapping studies on a burn in Colorado during the summer months 13 years following the fire, and reported that the food supply was substantial, and that the cover provided by the shrub and herbaceous growth sustained even greater animal populations on the burned-over lands than were present elsewhere.
Preburn and postburn mammal populations
The actual numbers of live-trapped animals during a 5-year period before and after the controlled fire are summarized in The small mammal species which demonstrated the greatest tendency to be repeatedly trapped was the large Peromyscus californicus; 38% of the total trap occurrences were retrapped individuals. This trap hardiness was also more pronounced in the woodrat (Neotoma fuscipes) than in the smaller species of mammals caught. Shift in weight of the Peromyscus truei population Since this small mammal species was the dominant form taken in the traps, it was studied in somewhat more detail than the other species. The change in vegetation resulting from controlled burning exposed the normal foraging area of Peromyscus true, and a reduction in mean weight in the population followed (Fig. 8) .
Exposure of the small animal population to the attack of predators is an immediate result of the removal of vegetative cover by fire. This exposure also limits the success of foraging movements of the small mammals, both in the distance the rodents are able to move above ground and in the availability of food. Such food supplies as seeds and bark of the dominant Ceanothus cuneatus shrub were more than 90% eliminated by the controlled burning.
A higher percentage of young occurred in the experimental population immediately after the burn owing to the reduction in the numbers of the resident adults, which served to stimulate the repro- ductive rate. This shift in the age ratio of the population was a temporary factor in the total weight loss of the experimental animals.
The impact of the lack of food was investigated by evaluating the body condition, which distinguishes the normal young animals from adult animals of similar weight which are undernourished. This body condition ratio or fatness ratio is obtained by dividing body length in cm by body weight in g. Martin Murie (1963) found that the accumulation of scapular deposits of fat varies seasonally with the changes in the metabolism of three different species of Peromyscus. Consequently the comparative fatness ratios of the experimental group of chaparral mice and the control group were computed for each quarterly trapping period. Although the preburn ratios were nearly comparable, the ratios for the March 1955 period after the burn revealed a decline of the experimental group to 1.28, whereas the control group was 1.46 (Fig. 8) . During the second and third year after the postburn recovery period, ratios of the two populations approached the preburn level.
Weight loss of the postburn experimental population is apparently caused by reduction of body fat rather than by lowering of the age ratio in the population.
Exposed and protected habitat sites During a fire an individual animal may encounter habitat conditions which range from the highest lethal temperatures to moderate temperatures in nearby protected sites. Some of these contrasting situations within chaparral during fire are VERTEBRATES AND CHAPARRAL FIRE 287 
Survival of mammals under high temperatures
Fire does not produce a uniform heat throughout the chaparral habitat. Entire islands of vegetation are left unburned during the course of controlled burning, as shown in Table I , as well as in the Madera County report of Howard et al. (1959) . Within such unburned islands the survival of resident animals is determined by insulation from direct heat and by the availability of fresh air. The actual heat which results from burning of grass and humus reaches moderate temperatures of 5500F and less. The residue from moderate fire heat is characteristically a black ash. Dry chaparral and woody vegetation burns at temperatures above 9000 F as measured by thermocouples (Fig. 3) . Such high fire temperatures leave a deep residue of white ash, and the former dimensions of fallen logs can be detected by the nature of the ash deposit following the fire.
Temperature measurements below the ground surface indicate that animals probably experience no ill effects of the fire heat if they occupy a burrow system of at least 3 inches in depth. The theoretical insulation of the dry soil was investigated more realistically by testing live animals under simulated fire conditions. Much of the literature implies that temperature alone is responsible for the death of animals under fire conditions. Actually, a more critical expression of the suitability of the air is vapor pressure, as emphasized by Thornthwaite (1940) . The evaporation of water vapor from a unit area of lung surface into the air is a function of the difference in water vapor pressure of the lung surface and the atmospheric air. Consequently, subsurface temperature and relative humidity were both measured in experiments involving live mice so that vapor pressure could be determined.
Since vapor pressure is proportional to air temperature, it is evident that fire temperatures raise the vapor pressure of water in a burrow system. To lower body temperature, mammals evaporate water vapor from the surface of the lungs and accomplish evaporative cooling and maintenance of a constant temperature in a heated environment.
An experiment carried out with chaparral mice in Contra Costa County demonstrated the necessity for air movement in the underground burrow system. All five experimental animals were found suffocated following a fire built on the surface of the soil above the burrow with only one opening. A subsequent experiment on June 14, 1959 was designed to allow underground air movement. A burrow was made with a soil sample borer which extended to a depth of 12 inches along a 10-foot passage. Five meadow mice were placed in nonconductive fiberboard and screen cages and located in the burrow at depths of 6, 9, and 12 inches. The relative humidity reached 82% in the burrow at the 12-inch depth, 75%o at the 9-inch depth, and nearly 60%o at the 6-inch burrow depth. At the surface of the soil the relative humidity was 48%o and the temperature was 81'F. All five animals survived the fire which warmed the soil to 1390F at a depth of 6 inches. In the deepest point in the burrow the temperature was raised only 2 degrees above the normal soil temperature.
The relative humidity is high. Although animals survived temperatures above 1420F at 22% relative humidity (Howard et al. 1959 ), the lethal temperature tolerance of the chaparral mice drops to 120'F when the relative humidity is above 60% (Fig. 9) . The small amount of rise in vapor pressure at the lower 22% humidity level is much less significant to the difference between the vapor pressure of the air and the animal's lung surface than the rise which occurs at the higher 82% relative humidity. Lethal limits in the hyperthermy test were found to be at temperatures of 121'F and relative humidity of just over 50%. The resulting vapor pressure of 44 mm Hg was above the range of physiological tolerance of the tested animals.
The results of these experiments suggest that animals survive as long as the burrow conditions allow vapor pressures below 40 mm Hg. The survival observed here occurred at high temperatures with low relative humidity. Duplicated overlay pages were prepared in advance of field work, and activities of each bird species were recorded on a separate map. Although both sexes of birds were recorded, the census was based primarily on observations of males. The hours of censusing were early in the day from 7:30 am to 11:00 am. Nest-building and territorial behavior were apparent from late March through June. Each gridded 20-acre plot was traversed five or six times during this period, and the composite of all activity movements was then compiled for the year. Where the activity records for a given species revealed that a pair of birds was repeatedly present in an individual clump of trees, the area was circled with an approximate boundary and recorded as a resident pair.
General effects on mammals
Brewer Blackbirds, Goldfinches, and House Finches, all of which are nonterritorial birds are reported with less accuracy than those species which establish distinct breeding territories. Wideranging large forms such as hawks and ravens were reported as resident pairs if their foraging areas were found to occur repeatedly within the grid plot.
The populations of birds on the control plots (unburned) were considerably lower than on the equivalent burned areas. During the 4 -year period the burned chaparral plot sustained a density of more than 340 pairs of resident birds per 100 acres. The chaparral control-plot averaged only 254 pairs per 100 acres during the same period. A similar difference occurred in the grassland type with an average of 389 pairs of birds per 100 acres on the experimental plot and 283 pairs on the equivalent control area of grassland.
Shifts in the resident bird numbers
The postburn bird population was higher on both chaparral and grassland experimental plots as early as the spring of 1955, the year following the burn. The chaparral plot density increased from 347 to 364 pairs per 100 acres during the first spring census following the chaparral fire. Numbers on the grassland plot increased even more, from a preburn density of 386 to a postburn count of 441 pairs per 100 acres. The previously reported climatic conditions were sufficiently uniform during this period to discount weather as the factor responsible for such a population change. Increased availability of food seems the more logical explanation.
Fire in chaparral concentrates the seeds of the shrub and grass vegetation on the soil surface. Such important avian seed foods as miner's lettuce (Montia perfoliate) are readily dispersed from capsules only 8 inches above the ground. Both Mourning Doves and Valley Quail have been observed to feed on miner's lettuce following chaparral fire. Seed availability on burned ground has been well demonstrated by Sweeney (1956) , and the resulting concentration of food appears directly correlated with the postburn numbers of birds on the two experimental plots.
Insect numbers on the soil surface are not only high following chaparral fires, but insects are also more exposed to bird predation. Harvester ants have been reported in large numbers after a brushland burning in Madera County, California Invasion and evacuation of bird groups The impact of the controlled fire on the population of resident birds caused little change in the total population numbers. In the grassland the bird density per 100 acres after its initial increase then declined to 356 pairs at the end of the four-Ecology, Vol. 47, No. 2 year period. Similarly in the chaparral, birds leveled off at 343 pairs per 100 acres. Although total numbers did not change materially, there was a shift in species composition which is shown in Table II .
Chaparral birds.-Analysis of the chaparraladapted species from year to year shows that the original 26.6 pairs of nesting birds were largely displaced by the fire succession, and numbers dropped to 11.7 pairs per 20 acres during the postburn spring. After 3 years of postburn census these chaparral birds were reduced to 10 pairs per 20 acres. Brown Towhees, California Thrashers, California Quail, California Jays, and Bewick Wrens represented the most typical chaparral adapted forms. Field observations during the several chaparral fires indicated that the shrub association birds were not fire-killed, but rather survived the flames to relocate in an appropriate adjacent habitat. The critical limiting factor in the habitat appeared to be the removal of the shrub cover which was required for these particular birds.
Grassland birds. Increased predation following fire One of the immediate effects of the chaparral fire was to attract a large number of predators to the area. Chaparral removal increased the availability of prey to the hawks and owls. Those predators which increased in number following the controlled burning of the vegetative cover in the Glennville area were the Red-tailed Hawk, Cooper Hawk, Sharp-shinned Hawk, Sparrow Hawk, Great Horned Owl, and Raven. The spring following the fire, nine pairs of predatory birds were present in the 20-acre grid plot for foraging purposes. The peak population then declined to five pairs in 1956 and four pairs in 1957. Postburn predation probably was a more restrictive factor on the small animal and bird population than direct killing by the fire itself. The lack of cover produces a more exposed environment during this immediate postburn period, and the surviving prey species are forced to forage in undesirable places lacking safe roosting sites, nesting sites, and escape cover. The degree of habitat recovery during the first spring following the chaparral fire was sufficient to support an accelerated reproductive rate in some prey species including mice of the genus Peromyscus and such grassland birds as Meadowlarks and Mourning Doves.
